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Vibrational  Sum  Frequency  Spectroscopy 
at  Liquid — Liquid  Interfaces: 
Model  Membrane  Systems 


Robert  A.  Walker3,  Beth  L.  Smiley,  and  Geraldine  L.  Richmond* 
Department  of  Chemistry,  University  of  Oregon,  Eugene,  OR  97403 

Abstract:  Vibrational  sum  frequency  spectroscopy  (VSFS)  has  evolved  into  a  versatile 
technique  for  assessing  molecular  structure  of  complex  systems  adsorbed  to  condensed 
phase  interfaces.  One  field  of  research  particularly  well  suited  to  the  strengths  of  VSFS  is 
biological  interfaces.  Traditionally,  structural  characterization  of  biologically  important 
surfaces  has  proven  difficult  at  the  molecular  level  of  detail.  However,  VSFS  can 
determine  the  conformation  and  orientation  of  specific  functional  groups  belonging  to 
adsorbed  species.  This  paper  discusses  issues  pertinent  to  VSFS  experiments  at 
liquid:  liquid  interfaces  and  shows  how  this  technique  can  be  applied  to  study  the  structure 


of  model  membrane  systems. 


I.  Introduction 


Examples  of  interfaces  in  biology  range  from  membrane  surfaces  to  capillaries  to 
retinae  to  the  aintissue  boundary  in  lung  alveoli.  [1-4]  Given  the  crucial  role  which 
interfaces  play  in  a  wide  variety  of  biological  processes,  a  need  has  arisen  for  experimental 
techniques  capable  of  examining  molecularly  and  interfacially  specific  properties  of 
biological  systems.  Molecular  specificity  refers  to  the  ability  of  an  experiment  to  directly 
determine  the  orientation  and  conformation  of  specific  molecular  functional  groups. 
Interfacial  specificity  requires  that  an  experiment  be  capable  of  discriminating  a  response  of 
molecules  at  an  interface  from  responses  arising  in  either  bulk  medium.  During  the  past 
decade  second  order  nonlinear  optical  spectroscopy  has  emerged  as  a  powerful,  in  situ 
technique  which  satisfies  these  demanding  criteria.  [5-7]  In  particular,  vibrational  sum 
frequency  spectroscopy  (VSFS)  provides  a  means  by  which  one  can  aquire  vibrational 
spectra  of  molecules  at  interfaces.  [8-10]  In  this  article  we  consider  a  number  of  issues 
essential  for  carrying  out  VSFS  experiments  at  a  liquid:  liquid  interface  and  show  how  this 
method  can  be  applied  to  examine  model  biological  systems  adsorbed  at  this  boundary. 

Conceptually,  VSFS  is  a  simple  technique:  two  coherent  optical  fields  overlap  both 
spatially  and  temporally  at  the  interface  being  studied.  (Figure  1)  One  of  these  fields  is  of 
fixed  frequency  in  the  visible  region  (co^)  while  the  other  is  tunable  in  the  infrared  (coir). 
Whenever  coir  is  resonant  with  an  allowed  vibrational  transition  of  a  molecule  in  the 
interfacial  region,  the  two  fields  couple  through  a  resonant  piece  of  the  second  order 
nonlinear  susceptibility,  x(2),  to  produce  a  third  field  equal  in  energy  to  the  sum  of  0)jr  +  C0vis 
=  (Dsum.  Scanning  coir  and  monitoring  intensity  at  cosum  leads  to  a  vibrational  spectrum  of 
molecules  in  interfacial  environments.  Researchers  first  used  VSFS  to  examine  the 
structure  of  Langmuir  monolayers  adsorbed  to  vacuum:solid,  [11]  air:solid[12]  and 
air:liquid[  1 3]  surfaces.  Subsequent  studies  extended  this  technique  to  buried  interfaces  or 
interfaces  between  two  condensed  phases.  [8,  14]  Liquiddiquid  interfaces  are  particularly 
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important  in  the  study  of  biological  systems  since  they  provide  a  realistic  model  of 

environments  commonly  found  in  vivo.  [3] 

Recently,  we  have  used  VSFS  to  study  the  structure  of  phosphatidylcholine  (PC) 
monolayers  adsorbed  to  an  aqueous:CCl4  interface.  [15-19]  Although  this  interface  is 
distinctly  “non-biological”,  it  does  mimic  the  aqueous:hydrophobic  junction  found  in  many 
biological  systems  including  membranes.  [20]  Phosphatidylcholines  are  amphiphilic 
molecules  possessing  two  long  acyl  chains  connected  to  a  zwitterionic  headgroup  by  means 
of  a  three  carbon  glycero  backbone.  (Figure  2)  These  phospholipids  are  a  major 
component  of  most  cell  membranes  and,  consequently,  have  been  the  subject  of  intense 
scientific  scrutiny  over  the  past  three  decades.  Cell  membranes  generally  consist  of  a  lipid 
bilayer  structure,  and  PC  monolayers  have  served  as  simple  model  membranes.  [21,  22] 
Surface  tension[23, 24]  and  fluorescence  microscopy  [25-27]  experiments  have  attempted 
to  correlate  monolayer  composition  with  properties  such  as  permeability,  compressibility 
and  thermodynamic  phase.  These  studies  revealed  rich  thermodynamic  phase  behavior  in 
these  monolayers  as  well  as  structural  transitions  on  length  scales  of  microns.  A  limiting 
aspect  of  these  results,  however,  is  their  inability  to  provide  information  about  the 

microscopic  structure  of  the  adsorbed  monolayers. 

Employing  VSFS  to  study  PC  monolayers  can  answer  specific  questions  about 
molecular  conformation  and  monolayer  ordering  at  interfaces.  From  vibrational  spectra  of 
PC  monolayers  adsorbed  at  a  liquid:  liquid  interface,  we  ascertain  how  molecular  structure 
of  the  monolayer  depends  on  variables  such  as  acyl  chain  length,  surface  concentration, 
temperature  and,  by  inference,  the  degree  of  chain  solvation  by  the  organic  solvent.  [15] 
VSFS  experiments  have  also  uncovered  important  aspects  about  the  structure  of  water 
molecules  in  the  vicinity  of  PC  monolayers[16]  -  information  which  should  prove  helpful 
to  theorists  seeking  to  model  membranes  by  molecular  dynamics  simulations.  [28-30]  The 
union  of  VSFS  results  with  simulation  data  promises  to  provide  a  comprehensive,  detailed 
understanding  of  these  model  membrane  systems. 
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The  next  two  sections  of  this  article  address  the  origin  of  the  sum  frequency 
response  from  an  interface  and  a  number  of  experimental  considerations  pertinent  to 
nonlinear  spectroscopic  experiments  at  buried  interfaces.  Following  the  experimental 
considerations  are  examples  of  how  VSFS  has  been  applied  to  studies  of  PC  monolayer 
structure  at  an  aqueous:CCl4  interface.  This  section  details  how  different  preparation 
methods  can  give  rise  to  monolayers  having  remarkably  different  structural  characteristics. 
Vibrational  band  positions  and  intensities  in  a  vibrational  sum  frequency  (VSF)  spectrum 
coupled  with  VSFS  selection  rules  can  be  used  to  determine  the  degree  of  ordering  found 
within  monolayers.  VSF  spectra  also  elucidate  the  structure  of  solvating  water  molecules 
in  the  interfacial  region.  These  studies  of  solvent  structure  further  emphasize  the  power  of 
VSFS  to  paint  a  complete  picture  of  molecular  structure  at  interfaces.  We  conclude  with 
some  thoughts  on  the  future  application  of  VSFS  to  more  complicated  biological  systems. 

II.  Origin  of  the  nonlinear  sum  frequency  signal 

When  an  oscillating  electric  field  interacts  with  a  molecule,  the  field  induces  a  time- 
dependent  oscillating  dipole.  In  condensed  phases,  this  microscopic  effect  manifests  itself 
as  a  macroscopic  induced  polarization,  P,  which  can  be  expanded  in  a  Taylor  series: 

P  =  P(0)  +  p(l)  +  p(2)  + ...  (1) 

Typically,  the  induced  polarization  depends  linearly  on  the  strength  of  the  impinging  field 
and  the  expansion  may  be  truncated  after  the  first  order  term,  P(1).  However,  in  the 
presence  of  sufficiently  strong  fields  (such  as  those  produced  by  lasers),  higher  order  terms 
must  be  included  to  accurately  characterize  the  induced  polarization.  The  second  order 
polarizability,  P(2),  gives  rise  to  sum  frequency  generation  and  is  expressed  as  a  product  of 
the  incident  electric  field(s)  and  second  order,  nonlinear  susceptibility  tensor,  %(2\ 

P(2)  =  Z<2) :  E,(t)E2(t)  (2) 
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In  a  typical  VSF  experiment,  E,  and  E2  represent  the  fixed  frequency  visible  (covis)  and 
tunable  infrared  (coir)  fields,  respectively.  The  intensity  of  the  sum  frequency  response  is 
proportional  to  the  square  of  the  induced  second  order  polarization: 

I(COsum)  ~  |P(2)|2  OC  |x<2)|2I(O)vis)I(C0ir)  (3) 

where  1(00^)  and  I(COir)  correspond  the  intensities  of  the  visible  and  infrared  fields. 

Interfacial  specificity  in  VSFS  arises  from  the  symmetry  properties  of  %<2).  Since 

(2)  (2) 

X(2)  is  a  third  rank  tensor,  it  necessarily  changes  sign  upon  inversion  (Xjjk  =  — X-i-j— - 
Within  the  electric  dipole  approximation,  this  condition  forbids  sum  frequency  generation 
in  isotropic  media.  At  interfaces,  however,  the  inversion  symmetry  found  in  such  media  is 
necessarily  broken  and  the  sum  frequency  generation  becomes  symmetry  allowed. 

Contained  within  the  x(2)  tensor  are  twenty  seven  elements  which  completely 
characterize  the  nonlinear  susceptibility  for  all  combinations  of  incident  and  sum  frequency 
polarizations.  Imposing  CooV  symmetry  about  the  interfacial  normal  reduces  the  number 
of  nonzero  x(2)  elements  to  four:  x®  ,  X$>  Xifz .  where  subscripts  refer  to  the 

directional  nonlinear  susceptibility  for  the  sum  frequency,  visible  and  infrared  fields, 
respectively  [31].  In  the  lab  fixed  frame  i  =  x  or  y  and  z  lies  normal  to  the  interface.  When 
far  from  electronic  resonances,  Kleinman  symmetry  renders  X§i  and  X,zi  equivalent. 
Selecting  different  polarizations  of  the  infrared,  visible  and  reflected  sum  frequency  fields 
samples  different  subsets  of  these  x(2>  elements: 


!ppp 


(4a) 


!ssp  00 


hps  06 


fifing1 


f.  f  f-y(2) 

ri  rzriXjzi 


(4b) 


(4c) 
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The  subscripts  on  the  sum  frequency  intensity  refer  to  the  polarization  of  the  sum 
frequency,  visible  and  infrared  fields  with  respect  to  the  surface  plane  in  order  of 
descending  frequency.  The  factors  \z  and  fiz  represent  the  nonlinear  and  linear  Fresnel 
factors  governing  the  transmittance  and  reflectance  of  electromagnetic  fields  at  interfaces. 

Each  individual  x<2)  element  may  be  further  broken  down  into  a  nonresonant  and 
resonant  component:  [32] 

^ijk  —  %ijk,nr  +  ^^ijlco  '  (5) 

The  non-resonant  piece,  Xj^nr  1S  characteristic  of  the  materials  on  either  side  of  the 
interface  while  the  resonant  contribution,  is  summed  over  all  contributing  vibrations 

of  molecules  in  the  interfacial  region.  For  nonconducting  systems,  nr  is  quite  small 
relative  to  the  resonant  sum  over  vibrational  states.  Through  the  molecular 
hyperpolarizability,  P,  the  resonant  component  of  a  x<2)  element  can  be  related  to  a 
particular  vibration’s  infrared  and  Raman  activity: 

=  ^  (Pv)  (6) 

where 

AvMug 

™  03ir-co0-ir 

The  factor  of  N  in  Equation  6  represents  the  number  of  sampled  molecules  and  the  brackets 
on  P  imply  an  orientationally  averaged  distribution.  The  numerator  of  Equation  7  contains 
the  infrared  (A^)  and  Raman  (M^  g)  transition  matrix  elements.  Molecules  in  the  interfacial 
region  can  not  possess  inversion  symmetry  otherwise  the  numerator  in  this  expression  will 
vanish  by  mutual  exclusion.  The  denominator  predicts  a  strong  resonant  enhancement  in 
the  observed  sum  frequency  intensity  whenever  coir  approaches  co0,  the  frequency  of  an 
allowed  vibrational  transition. 
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III.  Experimental  considerations 

A.  Optical  requirements 

The  most  challenging  technical  aspect  of  VSFS  involves  generation  of  tunable 
infrared  radiation  with  sufficient  intensity.  Possible  sources  include  a  number  of  optical 
parametric  processes  (generation,  oscillation,  amplification)  [33,  34]  as  well  as  difference 
frequency  mixing[35]  and  stimulated  Raman  scattering.  [8]  In  our  laboratory  we  have 
employed  several  different  optical  systems  to  carry  out  VSFS  experiments  at  liquid: liquid 
interfaces.  Two  of  these  systems  are  built  around  nanosecond  Nd:YAG  lasers  while  a  third 
relies  on  a  picosecond  Ti:Sapphire  regenerativly  amplified  apparatus.  The  characteristics  of 

all  three  systems  are  summarized  in  Table  1. 

System  1  consists  of  an  extended  cavity  Nd:YAG  (GCR-1 1,  Spectra  Physics) 
which  produces  -200  mJ  at  1064  nm  with  a  repetition  rate  of  10  Hz  and  a  pulse  duration  of 
13  ns.  [34]  A  fraction  of  the  1064  nm  output  is  frequency  doubled  in  a  KTP  crystal  and 
used  as  tt)vjs.  The  remaining  1064  pumps  a  home  built  LiNbOj  optical  parametric  oscillator 
which  provides  tunable  infrared  radiation  from  3.0  -  3.6  pm  (3300  -  2800  cm1).  With  a 
spectral  bandwidth  of  only  6  cm’1,  this  system  resolves  most  vibrational  bands  in  theVSF 
spectra  described  in  this  work. 

The  optical  equipment  of  System  2  includes  a  Ti:Sapphire  oscillator  (Mira900, 
Coherent)  which  seeds  a  Nd:YLF  pumped  TiiSapphire  regenerative  amplifier  (Quantronix) 
to  produce  0.8  W  of  800  nm  radiation.  [33]  VSFS  experiments  carried  out  with  System  2 
used  -650  juJ  of  the  800  nm  output  to  pump  an  ethylene  glycol  white  light  generation/KTP 
optical  parametric  amplifier  assembly  which  produces  tunable  infrared  radiation  over  a  wide 
window,  2.7  -  4.0  pm  (3700  -  2500  cm’1).  Experiments  carried  out  with  System  2  are  up 
to  103  times  more  sensitive  than  experiments  conducted  with  System  1  due  to  differences  in 
pulse  duration  (2  picoseconds  for  System  2,  13  nanoseconds  for  System  1).  Equation  3 
shows  that  the  sum  frequency  signal  depends  upon  the  peak  intensities  of  both  the  incident 
visible  and  infrared  fields.  With  pulse  durations  of  only  2  ps,  the  instantaneous  peak 
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powers  of  System  2  are  50  -  100  times  higher  than  those  of  System  1.  A  repetition  rate  of 
1  kHz  allows  greater  signal  averaging  and  further  improvements  in  signal  to  noise  over 
System  1 .  The  major  drawback  to  System  2  is  its  spectral  resolution  of  16  cm'1.  This 
bandwidth  is  not  always  able  to  resolve  adjacent  features  in  a  VSF  spectrum. 

Recently,  we  have  completed  construction  of  a  third  optical  system  for  VSFS 
studies  of  buried  interfaces.  System  3  relies  upon  the  1064  nm  output  of  an  injection 
seeded  Nd:YAG  (Infinity,  Coherent)  to  pump  a  commercial  KTP  optical  paremetric 
oscillator/optical  parametric  amplifier  assembly  (LaserVision).  Currently  this  system 
produces  tunable  infrared  radiation  from  2.5  Jim  (4000  cm'1)  to  4.2  |im  (2400  cm'1), 
although  this  can  be  extended  deeper  into  the  infrared  using  other  crystals.  The  pulse 
duration  of  the  infrared  pulses  is  ~3.5  ns  making  this  system  10  times  more  sensitive  than 
System  1 .  Other  attractive  aspects  include  improved  resolution  (2  cm"'  bandwidth)  and  a 
variable  repetition  rate  (1-100  Hz)  to  aid  in  signal  averaging. 

B.  Geometry 

All  VSF  spectra  of  monolayers  adsorbed  to  a  liquiddiquid  interface  were  acquired  in 
a  total  internal  reflection  (TIR)  geometry.  [14,  34]  Experimentally,  this  condition  requires 
that  G)vis  and  G0ir  approach  the  interface  through  the  high  index  medium  (CC14)  and  that  the 
sum  frequency  signal  (tosum)  departs  from  the  interface  at  its  critical  angle.  This 
configuration  endows  the  experimental  arrangement  with  remarkably  enhanced  sensitivity. 
This  improved  sensitivity  results  from  the  behavior  of  the  Fresnel  factors  under  conditions 
of  total  internal  reflection.  Bloembergen  and  Pershan  first  prediced  that  a  TIR  geometry 
would  amplify  second  order  nonlinear  optical  processes  at  interfaces.  [36]  Two  decades 
later  a  number  of  independent  experiments  demonstrated  this  effect  at  ainsolid  [37]  and 
liquid:liquid[38]  interfaces.  Examination  of  Eq.  4a  -  4c  shows  that  the  intensity  of  the 
detected  sum  frequency  signal  depends  on  the  square  of  the  nonlinear  susceptibility  and  the 
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square  of  the  product  of  the  appropriate  Fresnel  factors.  The  linear  (fj)  and  nonlinear  ( fj ) 
Fresnel  factors  have  the  following  form:  [37] 


f 


\ 


2sin6u 

sin(0;+0u) 


cos0u  /  cos(0u  —  0i) 

COS0j 

(— )  cos  0U  /  cos(0u  -  0j) 

V\nu/  J 


(7a) 


fi=a 


sin0t 


sin(0r+0t) 


A 


-  cos  0t  /  cos(@t  -  0r) 

1 

(— ■ )  sin  0r  /  cos(0t  -  0r) 

\nm  / 


(7b) 


The  angles  0U  and  0,  are  the  angles  of  incidence  and  refraction  for  the  incident  visible  and 
infrared  fields  with  respect  to  the  surface  normal,  while  n,  and  n^  are  the  refractive  indices 
for  CC14  and  water.  In  Equation  7b,  0,  and  0r  represent  the  angles  of  sum  frequency 
transmission  and  reflection  respectively.  The  refractive  index  for  water  appears  as  n„  and 
^  represents  the  refractive  index  of  the  interfacial  region,  assumed  to  be  intermediate 
between  the  indices  of  water  and  CC14.  The  coefficient  a  contains  a  number  of  optical 
constants  as  defined  in  Reference  37.  Figure  3  plots  |fififz|  as  a  function  of  incident  angle 
for  conditions  of  internal  and  external  reflection.  (External  reflection  refers  to  a  geometry 
in  which  optical  fields  pass  through  the  medium  having  the  lower  refractive  index.)  Near 
68”  the  square  of  the  Fresnel  factor  product  for  internal  reflection  exhibits  sharply  peaked, 
>102  fold  enhancement  over  the  same  quantity  for  external  reflection  conditions.  From  a 
practical  standpoint,  this  condition  requires  that  co^  approach  the  interface  at  its  critical 
angle  (65.8°)  and  the  angle  of  (0ir  be  adjusted  to  maximize  the  sum  frequency  signal. 


IV.  Results 

A.  Polarization  dependent  studies  of  chain  orientation 
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Given  their  amphiphilic  structure,  PCs  adsorb  to  a  liquid.liquid  interface  with  the 
zwitterionic  headgroup  solvated  in  the  aqueous  phase  and  the  acyl  chains  dissolving  in  the 
CC14.  Different  aspects  about  the  structure  of  the  same  PC  monolayer  can  appear  in  VSF 
spectra  acquired  under  different  polarization  conditions.  Figure  4  displays  spectra  of  a 
dilauroylphosphatidylcholine  (DLPC,  CI2)  monolayer  acquired  under  different  polarization 
conditions  using  System  1 .  Surface  tension  measurements  indicated  that  the  DLPC 
monolayer  had  a  surface  coverage  of  1.8  x  1014  molecules/cm2.  The  spectra  contain 
different  combinations  of  vibrational  bands,  a  condition  which  reflects  the  different  subsets 
of  nonzero  %<2)  elements  sampled  by  the  various  polarization  conditions  (Equations  4  a-c). 
Interpreting  the  features  in  the  CH  stretching  region  of  a  VSF  spectrum  can  prove 
challenging  due  to  the  number  of  potential  contributing  oscillators.  Nevertheless,  infrared, 
Raman  and  deuteration  data  [39, 40]  enable  us  to  make  assignments  of  individual  VSF 
bands  and  draw  conclusions  about  monolayer  orientation  at  an  aqueous:CCl4  interface. 

A  spectrum  taken  under  PsumPvisPir  (or  PPP)  conditions  appears  in  the  top  panel  and 
contains  a  large  number  of  vibrational  bands.  This  spectral  complexity  arises  from  the 
contribution  of  multiple  %(2)  elements  as  predicted  by  Equation  4a.  These  bands  include  the 
symmetric  stretches  of  acyl  methylene  and  methyl  groups  (d+  and  r+)  at  2850  cm'1  and  2872 
cm'1,  the  methyl  asymmetric  stretch  (r  )  at  -2965  cm'1,  and  a  broad  Fermi  resonance 
interaction  centered  at  2900  cm'1  arising  from  overtones  of  methylene  bending  motion 
(CH2  FR).  The  largest  feature  in  the  PPP  spectrum  appears  at  2935  cm'1  and  probably 
contains  contributions  from  the  methylene  asymmetric  stretch  (d  )  and  a  methyl  Fermi 
resonance  (CH3  FR).  [13,  34]  The  high  energy  shoulder  on  r*  is  assigned  to  the  symmetric 
stretch  of  methyl  groups  attached  to  the  quartemary  ammonium  on  the  headgroup.  [41] 

In  an  SSP  spectrum  (middle  panel)  only  a  single  %(2)  element  contributes  to  the 
observed  spectral  intensity  (Equation  4b).  Consequently,  an  SSP  spectrum  is  considerably 
simpler  than  a  spectrum  acquired  under  PPP  conditions.  Intensity  in  an  SSP  spectrum 
arises  from  vibrational  motion  normal  to  the  interface  and  three  features  dominate  the  CH 
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stretching  region:  d+,  r+,  and  the  dVCH3  FR  band.  Conspicuous  in  its  absence  is  r.  The 
combination  of  a  strong  r+  band  and  absent  r  band  implies  that  the  methyl  groups  of  the 
acyl  chains  have  their  C3  axes  aligned,  on  average,  normal  to  the  interface. 

Supporting  this  claim  is  the  SPS  spectrum  in  the  bottom  panel  of  Figure  4.  The 
SPS  polarization  condition  again  samples  a  single  x<2)  element  which  is  sensitive  to 
vibrational  motion  in  the  plane  of  the  interface.  In  the  SPS  spectrum  r  stands  out  as  the 
largest  feature,  r+  is  absent  and  d+  appears  very  weakly.  The  broad,  unresolved  intensity 
between  2880  and  2940  cm'1  may  contain  contributions  from  CH  stretching  motion  along 
the  glycero  backbone.[42]  With  the  acyl  methyl  groups  aligned  normal  to  the  interface,  we 
expect  that  infrared  transition  dipole  of  r"  to  lie  in  the  plane  of  the  interface  while  r  has  its 
infrared  transition  dipole  aligned  normal  to  the  interface.  The  presence/absence  of  these 
features  in  the  SSP  and  SPS  spectra  implies  that  the  acyl  methyl  groups  in  the  DLPC 
monolayer  assume  a  rotationally  isotropic  distribution.  These  observations  support  the 
assumption  of  interfacial  CooV  symmetry  made  when  reducing  the  %(2)  tensor  in  Section  II. 

B.  Monolayer  ordering  as  a  function  of  preparation  method 

Order  within  a  PC  monolayer  can  be  characterized  by  two  limiting  cases.  In  an 
ordered  monolayer  acyl  chains  assume  primarily  a\\-trans  conformations  and  their  chain 
axis  aligns  normal  to  the  interface  (upper  panel,  Figure  4).  A  disordered  monolayer  is  one 
in  which  acyl  chains  possess  either  gauche  defects  or  simple  torsional  distortion  along  the 
carbon  backbone  (lower  panel,  Figure  4).  The  differences  between  ordered  and  disordered 
monolayers  manifest  themselves  quite  clearly  in  VSF  spectra. 

As  a  consequence  of  the  extended  symmetry  found  in  all -trans  hydrocarbon  chains, 
the  infrared  active  methylene  symmetric  stretch  (d+(0))  is  180°  out  of  phase  with  the  Raman 
active  methylene  symmetric  stretch  (d+(II)).  [40]  This  condition  leads  to  a  vanishing 
numerator  in  Eq.  7.  In  other  words,  d+  is  sum  frequency  forbidden  in  the  all -trans  acyl 
chains  which  make  up  an  ordered  PC  monolayer.  Conformational  disorder  lifts  the 
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symmetry  constraints  imposed  on  the  methylene  symmetric  stretch,  [39]  and  in  disordered 
chains  d+  becomes  sum  frequency  allowed.  No  such  symmetry  restrictions  apply  to  the 
methyl  symmetric  stretch  (r+);  r+  is  never  sum  frequency  forbidden  by  symmetry  in  a 
monolayer.  Consequently,  a  ratio  comparing  the  integrated  intensities  of  r*  and  d+  can  be 
used  to  gauge  the  degree  of  disorder  found  within  the  acyl  chains  making  up  a  monolayer. 
In  the  limit  of  a  highly  ordered  monolayer,  the  r+/d+  ratio  becomes  quite  large  with  methyl 
groups  all  aligned  normal  to  the  interface  and  VSF  inactive  methylene  vibrations.  As  a 
monolayer  becomes  disordered,  methylene  units  begin  to  contribute  to  the  d+  band,  and  the 
r+/d+  ratio  becomes  smaller.  We  use  r+/d+  ratios  from  SSP  spectra  to  analyze  monolayer 
ordering  given  this  polarization  condition’s  sensitivity  to  vibrational  motion  normal  to  the 
interface.  [15,  17] 

Phosphatidylcholine  monolayers  adsorbed  to  the  aqueous:CCl4  interface  can  be 
prepared  by  a  number  of  different  methods.  The  three  ways  in  which  we  prepare 
monolayers  are  a)  from  decomposition  of  PC  vesicles;  b)  from  multiple  injections  of 
aqueous  PC  dispersions;  and  c)  from  a  newly  developed  spreading  technique.  [43]  Results 
presented  below  will  demonstrate  that  these  preparation  procedures  can  lead  to  different 
degrees  of  interfacial  ordering  within  PC  monolayers. 

Formation  of  monolayers  from  the  decomposition  of  vesicles  (DV  monolayers) 
relies  upon  the  tendency  of  PC  vesicles  to  break  apart  at  interfaces  to  form  monolayers  of 
PC  monomers.  [44]  An  important  aspect  of  DV  monolayers  is  that  these  monolayers  form 
in  accordance  with  the  equilibrium  established  between  PC  vesicles  in  solution  and  the  PC 
monomers  adsorbed  at  the  interface.  [19]  Surface  coverage  is  not  independently  variable. 
Rather,  coverage  depends  on  temperatue  and  bulk  PC  concentration. 

Both  the  multiple  injection  and  spreading  solvent  methods  afford  a  degree  of 
external  control  over  monolayer  surface  concentration  in  contrast  to  the  vesicle 
decomposition  technique.  The  multiple  injection  technique  involves  making  repeated 
injections  of  an  aqueous  PC  suspension  into  the  aqueous  phase  overlaying  the  CCI4  phase. 
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[18]  This  procedure  leads  to  the  formation  of  tightly  packed  monolayers  (MI  monolayers) 
as  evidenced  by  high  surface  pressures  (42  mN/m)  and  a  reduction  in  the  interfacial 
meniscus.  Recently,  we  have  begun  preparing  monolayers  at  the  aqueous:CCl4  interface 
by  using  PCs  dissolved  in  a  chloroform  spreading  solvent  (SS  monolayers).  After 
dissolving  the  desired  PC  in  the  chlorofom,  we  use  a  microsyringe  to  deposit  small 
droplets  of  the  PC/chloroform  solution  at  the  liquiddiquid  interface.  Surface  tension  keeps 
the  droplets  at  the  interface  before  the  droplets  dissolve  into  the  CC14  subphase,  long 
enough  for  the  amphiphilic  PC  monomers  to  spread  and  form  a  monolayer.  Surface 
pressure  and  VSFS  data  from  SS  monolayers  mimic  results  acquired  from  comparable  MI 

monolayers. 

Evidence  that  the  choice  of  preparation  method  affects  PC  monolayer  structure 
comes  from  comparing  the  r+/d+  ratio  of  DV  monolayers  with  the  ratio  found  for  MI  and  SS 
monolayers.  Figure  5  displays  VSF  spectra  (SSP)  of  distearoylphosphatidylcholine 
(DSPC,  C18)  monolayers  prepared  by  the  vesicle  decomposition  (top  panel)  and  multiple 
injection  (middle  panel)  techniques.  For  comparison  Figure  5  contains  a  VSF  spectrum  of 
a  DSPC  monolayer  at  the  ainwater  interface  (bottom  panel).  Spectra  of  the  DV  and  MI 
monolayers  were  recorded  with  System  1;  the  VSF  spectrum  of  the  DSPC  monolayer  at 
the  ainwater  interface  was  recorded  with  System  3.  All  three  spectra  contain  the  same 
features:  d+  at  2850  cm’1,  r+  at  2872  cm’1,  and  a  band  at  2925-2940  cm'1  which  contains 
contributions  from  the  methylene  asymmetric  stretch  (d  )  and  a  methyl  Fermi  resonance 
interaction  (CH3  FR).  Although  the  surface  coverages  of  the  DV  and  MI  monolayers  are 
approximately  equal  (as  evidenced  by  similar  surface  pressures),  the  DV  monolayer 
exhibits  appreciable  disorder  (r+/d+  ratio  of  0.5)  while  the  MI  monolayer  shows  a  high 
degree  of  acyl  chain  ordering  (r+/d+  =  5.3).  Monolayers  of  DSPC  at  the  aqueous:CCl4 
interface  prepared  from  a  spreading  solvent  also  show  very  large  r+/d+  ratios.  (Spectrum 

not  shown.) 
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The  contrast  in  conformational  order  between  the  DV  and  MI  monolayers  seems 
somewhat  surprising.  Surface  tension  studies  indicate  that  DSPC  DV  monolayers  have 
terminal  surface  concentrations  of  1.8  x  1014  molecules/cm2  or,  equivalently,  molecular 
areas  of  55  A2/molecule.  This  coverage  lies  close  to  the  limiting  surface  coverage  of 
2.1  x  1014  molecules/cm2  (48  A2/molecule)  reported  in  Langmuir  trough  experiments 
carried  out  on  PC  monolayers  at  alkane:water  interfaces.  [23, 24]  Hard  sphere  models 
show  the  PC  headgroup  to  have  a  cross  sectional  area  of  45  A2  (along  the  long  axis)  while 
a  pair  of  all -trans  acyl  chains  occupy  42  A2.  [45]  If  the  second  injection  in  the  multiple 
injection  technique  compresses  the  existing  incomplete  MI  monolayer  and  the  limiting 
surface  PC  coverage  at  the  aqueous:CCl4  interface  agrees  with  results  from  alternative 
aqueous:organic  interfaces,  then  the  MI  monolayer  could  conceivably  have  a  slightly  higher 
(by  no  more  than  15%)  surface  concentration  than  that  of  the  DV  monolayer.  This  subtle 
change  in  surface  coverage,  however,  appears  to  cause  dramatic  structural  changes  in  the 
monolayer. 

We  have  interpreted  the  disorder  found  in  the  DSPC  DV  monolayer  as  evidence  of 
acyl  chain  solvation  by  the  CC14  solvent.  The  presence  of  solvent  molecules  within  the  acyl 
chain  network  will  screen  attractive  chain-chain  van  der  Waals  interactions  and  result  in  a 
more  disordered  monolayer.  An  injection  induced  compression  may  expel  solvent 
molecules  from  between  the  hydrocarbon  chains  and  induce  a  transition  to  a  two 
dimensional  liquid  crystalline  state  of  the  monolayer.  Expulsion  of  solvent  would  explain 
the  similarities  observed  between  the  DSPC-MI  monolayer  and  the  DSPC  monolayer  at  the 
air:  water  interface. 

More  extensive  studies  on  the  effect  of  chain  length  on  conformational  order 
support  the  idea  that  chain  solvation  plays  an  important  role  in  deteriming  monolayer 
structure.  Figure  6  contains  the  r+/d+  ratios  calculated  from  spectra  of  monolayers  formed 
from  the  DV,  MI  and  SS  methods  as  a  function  of  chain  length.  Also  included  for 
comparison  are  the  ratios  of  monolayers  at  the  air:water  interface.  For  PC  species  with 
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chain  lengths  <  CI6,  MI  and  SS  monolayers  show  a  similar  degree  of  order  to  that  of  DV 
monolayers.  However,  acyl  chain  order  increases  dramatically  in  the  longer  chain  species 
(C  -  C20)  when  monolayers  are  formed  by  spreading  solvent  or  multiple  injections.  Fiom 
these  observations  we  infer  that  monolayers  composed  of  shorter  chain  species  possess  a 
similar  degree  of  permeability  to  CC14  regardless  of  preparation  technique.  As  PC  chain 
length  becomes  longer,  attractive  interchain  forces  eventually  grow  strong  enough  so  that 
small  changes  in  surface  concentration  can  induce  a  high  degree  of  ordering  withing  the 
monolayer.  Similarities  in  the  r+/d+  behavior  between  MI/SS  monolayers  at  the 
aqueous:CCl4  interface  and  PC  monolayers  at  the  airiwater  interface  strongly  suggest  a 
reduced  degree  of  acyl  chain  solvation  in  these  monolayers  at  the  liquiddiquid  interface. 
Because  of  the  equilibrium  responsible  for  formation  of  DV  monolayers,  the  surface 
concentration  in  these  monolayers  may  never  become  high  enough  to  expel  the  CC14. 

C.  Aqueous  solvent  structure  at  a  liquid:liquid  interface 

In  addition  to  the  insight  it  sheds  on  monolayer  order  and  conformation,  VSFS  is 
also  sensitive  to  the  structure  of  surrounding  solvent  molecules.  [46]  Figure  8  displays  the 
SSP  spectrum  of  a  DLPC  DV  monolayer  acquired  with  System  2.  The  poorer  spectral 
resolution  compared  to  that  of  System  1(16  cm 1  vs  6  cm l)  causes  the  d  and  r  bands 
overlap.  Prominent  in  the  spectrum  is  a  broad  symmetric  band  centered  at  -3180  cm'1 
which  we  assign  to  a  vibrational  mode  of  water  molecules  aligned  normal  to  the  interface. 

Previous  VSF  studies  of  water  at  interfaces [47, 48]  have  identified  three 
distinguishable  OH  bands:  two  bands  are  broad  (-200  cm'1  FWHM)  and  centered  at  3200 
cm'1  and  3400  cm'1  while  the  third  band  is  considerably  narrower  (-30  cm'1  FWHM)  and 
appears  at  3680  cm'1.  The  narrow  peak  is  assigned  to  the  free  OH  stretch  of  water 
molecules  missing  one  hydrogen  bond.  [47]  This  feature  disappears  from  VSF  spectra 
whenever  an  amphiphile  -  charged  or  uncharged  -  adsorbs  to  the  interface.  [47, 49,  50] 
Based  on  infrared  and  Raman  studies  carried  out  on  bulk  water,  [51-53]  the  band  at 
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3200  cm  1  is  assigned  to  the  symmetric  stretch  of  water  molecules  in  symmetrically 
hydrogen  bonded  environments  (OH  SS-S).  Lying  to  higher  energies  (-3400  cm  ')  is  the 
band  associated  with  the  symmetric  stretch  of  water  molecules  in  asymmetrically  hydrogen 
bonded  environments  (OH  SS-A).  The  OH  SS-S  is  the  predominant  feature  found  in 
Raman  and  infrared  studies  of  bulk  ice,  while  the  OH  SS-A  dominates  spectra  of  liquid 
water.  [51-53] 

Intensity  in  the  water  region  of  Figure  8  can  be  fit  to  a  single  OH  feature  at 
3178  cm'1  (180  cm'1  FWHM)  which  we  assign  as  the  OH  SS-S  band.  Attempts  to  include 
a  second  OH  peak  (OH  SS-A)  in  the  fitting  routine  show  that  any  feature  near  3400  cm'1 
contributes  to  no  more  than  5%  of  the  observed  signal.  Based  on  these  findings,  we 
conclude  that  water  molecules  aligned  normal  to  the  interface  are  highly  ordered  and 
experiencing  a  relatively  high  degree  of  ice-like  hydrogen  bonding.  These  results  agree 
with  earlier  studies  of  water  structure  at  hydrophobic  interfaces.  [46,  47]  Preliminary 
results  from  SPS  spectra  indicate  that  the  solvent  environment  parallel  to  the  aqueous:CCl4 
interface  contains  greater  disorder  with  up  to  15%  of  the  observed  intensity  resulting  from 
the  OH  SS-A  band.  [16] 

VI.  Future  directions 

Applying  VSFS  to  biologically  important  model  systems  adsorbed  at  buried 
interfaces  affords  researchers  unprecedented  opportunity  to  examine  molecular  orientation 
and  conformation  with  molecular  specificity.  The  ability  to  obtain  vibrational  spectra  of 
molecules  in  the  interfacial  region  allows  strong  connections  to  be  made  between  molecular 
structure,  macroscopic  phenomena,  and  results  from  molecular  modeling.  Results 
presented  in  this  paper  highlight  a  number  of  experiments  carried  out  to  deduce  structural 
features  of  PC  monolayers  adsorbed  to  an  aqueous:CCl4  interface.  From  the  spectra  we 
have  begun  to  characterize  average  orientation  of  the  adsorbed  amphiphiles,  acyl  chain 
ordering  within  the  monolayer,  and  the  structure  of  surrounding  water  molecules. 
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Additional  questions  regarding  the  structure  of  PC  headgroups  and  backbones  still  remain. 
We  intend  to  further  characterize  the  molecular  structure  within  PC  monolayers  by 
extending  the  tunability  of  C0ir  to  lower  frequencies  (with  different  nonlinear  optical  crystals) 
and  investigate  orientation  of  PC  carboxyl  and  phosphate  groups.  A  logical  extension  of 
these  PC  monolayer  studies  involves  examining  the  structure  of  more  complicated, 
heterogeneous  monolayers.  Model  membrane  systems  frequently  consist  of  a 
homogeneous,  single  component  monolayer  or  bilayer.  [26]  Actual  membranes  are  much 
more  diverse  possessing  many  different  types  of  phospholipids  (PCs, 
phosphoethanolamines,  phosphoserines,  etc)  as  well  as  cholesterol  and  membrane 
proteins.  [1]  With  VSFS  researchers  can  potentially  answer  questions  about  how  different 
membrane  components  affect  orientation  and  conformational  order  within  multicomponent 

monolayers. 

With  the  increasing  use  of  broadband  high  power  infrared  and  CCD  cameras  in 
spectroscopy,  [54,  55]  VSFS  may  soon  be  used  to  study  the  kinetics  of  interfacial 
processes  including  monolayer  formation.  On  the  timescale  of  minutes  to  hours  required  to 
form  phospholipid  monolayers,  a  1  kHz  laser  system  used  in  conjuction  with  a  CCD 
camera  has  the  potential  to  record  an  entire  VSF  spectrum  of  the  interface  every  milisecond. 
Such  experiments  would  take  “snapshots”  of  interfacial  vibrational  structure  at  different 
stages  of  the  monolayer  formation  process.  In  this  way,  researchers  could  track  the 
evolution  of  amphiphile  and  surrounding  solvent  structure  as  the  monolayer  passes  from  a 
two  dimensional  gas  phase  through  different  condensed  phases  on  the  way  to  formation  of 
a  two  dimensional  crystalline  solid.  The  feasibility  of  such  experiments  has  already  been 
demonstrated;  we  have  used  System  2  to  study  interfacial  dynamics  of  DLPC  monolayer 
formation  from  a  solution  of  DLPC  vesicles.  [16]  Although  acquiring  spectra  in  the  current 
experimental  configuration  requires  sweeping  G)ir  through  its  tuning  range  and  monitoring 
©  with  a  photomultiplier  tube,  the  1kHz  repetition  rate  allows  us  to  acquire  a  complete 
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spectrum  of  the  CH  and  OH  stretching  region  every  three  minutes.  Preliminary  findings 
reveal  systematic  intensity  fluctuations  in  both  the  PC  and  water  VSF  bands.  [16] 

Questions  about  specific  molecular  interactions  can  be  answered  by  ultrafast  VSFS 
experiments  which  probe  vibrational  relaxation  and  dephasing.  Studies  have  already  used  a 
pump-probe  adaptation  of  VSFS  to  examine  vibrational  relaxation  of  adsorbates  on  solid 
surfaces.  [11]  Extending  this  technique  to  systems  of  biological  interest  could  lead  to 
important  insight  into  a  number  of  phenomena  including  the  mechanism  of  anaesthetic 
action  and  the  interaction  of  metal  cations  with  membrane  proteins.  These  topics  have 
received  considerable  attention  in  molecular  dynamics  simulations  and  transient  absorption 
experiments.  [56,  57]  However,  empirical  data  with  interfacial  specificity  remains  elusive. 

As  the  field  of  second  order  nonlinear  optical  spectroscopy  matures,  its  techniques 
are  applied  to  more  complicated  systems.  Due  to  the  molecular  and  interfacial  specificity 
inherent  in  these  techniques,  they  have  become  popular  means  with  which  to  study  a  wide 
variety  of  interfaces.  This  paper  has  discussed  using  VSFS  to  study  molecular  structure  of 
biologically  important  membrane  models  adsorbed  to  a  liquiddiquid  interface.  Receiving 
particular  attention  were  the  issues  of  the  nonlinear  sum  frequency  response  and  the 
requirements  for  carrying  out  VSFS  experiments  at  buried  interfaces.  We  look  forward  to 
deepening  our  understanding  of  membrane  structure  and  formation  dynamics  by  means  of 
VSFS  and  eagerly  anticipate  new  and  innovative  applications  of  this  powerful  technique  to 
additional  systems  of  biological  interest. 
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Table  1:VSFS  system  characteristics 


System  1 

System  2 

System  3 

pump  laser 

GCR-1 1  (Nd:YAG) 
(Spectra  Physics) 

Ti:Sapphire  Regen 
(Coherent/Quantronix) 

Infinity  (Nd:YAG; 
(Coherent) 

repetition  rate 

10  Hz 

1  kHz 

1-100  Hz 

pulse  duration 

13  ns 

2  ps 

3.5  ns 

®vis 

532  nm 

800  nm 

532  nm 

Energy  (covis) 

5  mJ 

150  pJ 

3  mJ 

®,r 

3.0  -  3.6  ]im 
(3300 -2800  cm'1) 

2.7  -  4.0  p,m 
(3700  -2500  cm'1) 

2.5  -  4.2  |im 
(4000  -  2400  cm'1; 

Energy  (coir) 

1-3  mJ 

2-6  (iJ 

1-5  mJ 

coir  method 

LiNiOj  OPO 

white  light  generation/OPA 

OPO/OPA 

coir  bandwidth 

6  cm'1 

16-18  cm'1 

2  cm'1 

cosum  window 

451  -  463  nm 

617  -  662  nm 

439  -  472  nm 

sensitivity3 

1 

103 

10 

aBased  on  Equation  3  assuming  similar  spot  sizes  for  coir  and  (0vis  and  scaled  to  sensitivity 
of  System  1 . 
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Figure  Captions 


Figure  1.  Schematic  diagram  of  sum  frequency  generation  at  a  liquiddiquid  interface.  To 
operate  in  a  total  internal  reflection  geometry,  (0ir,  (0vjs,  and  (0sum  all  pass  through 
the  medium  with  the  higher  refractive  index. 

Figure  2.  Molecular  structure  of  l,2-diacyl-sn-glycero-3-phosphocholine. 

Figure  3.  Square  of  the  Fresnel  factor  product  governing  the  intensity  of  sum  frequency 
response  for  both  internal  and  external  reflection  geometries. 

Figure  4.  Spectra  of  a  DLPC  monolayer  (55  A2/molecule)  recorded  under  different 

polarization  conditions.  The  top  panel  shows  the  spectrum  recorded  under  PPP 
conditions;  the  middle  panel  depicts  an  SSP  spectrum  and  the  bottom  panel 
contains  an  SPS  spectrum.  Solid  lines  represent  fits  to  the  data  using  a  Voigt 
profile  to  account  for  the  natural  (Lorentzian)  linewidth  of  the  transition  as  well 
as  the  finite  (Gaussian)  bandwidth  of  the  infrared  source  of  System  1  (6  cm'1). 

Figure  5.  Two  limiting  cases  of  conformational  order  in  a  monolayer  composed  of 

hydrocarbon  chains.  The  top  panel  depicts  an  ordered  monolayer  in  which  the 
chains  have  assumed  primarily  all -trans  conformations.  A  disordered  monolayer 
(bottom  panel)  is  one  in  which  the  chains  contain  gauche  defects  or  torsional 
distortion  along  the  carbon  backbone. 

Figure  6.  Spectra  of  DSPC  monolayers  prepared  by  different  methods.  Appearing  in  the 
bottom  panel  is  a  spectrum  of  a  DSPC  monolayer  at  the  airiwater  interface 
(55  A2/molecule)  for  comparison.  All  spectra  were  recorded  under  SSP 
conditions.  These  spectra  highlight  the  way  in  which  the  method  of  monolayer 
preparation  affects  molecular  ordering.  Similarities  between  the  MI  monolayer 
(middle  panel)  and  the  monolayer  at  the  airiwater  interface  suggest  that  the 
multiple  injection  method  forces  the  CC14  solvent  from  the  acyl  chain  network 
and  induces  a  two  dimensional  crystallization.  The  disorder  within  the  DV 
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monolayer  (top  panel)  is  thought  to  arise  from  solvation  of  the  acyl  chains  by  the 
CC14. 

Figure  7.  Ordering  within  monolayers  (r+/d+)  of  PC  monomers  as  a  function  of  acyl  chain 
length  (n)  and  monolayer  preparation  method.  The  r7d+  ratios  for  PC 
monolayers  at  the  air:water  interface  (55  A2/molecule)  are  included  for 
comparison.  Spectra  of  the  DV,  MI,  and  SS  monolayers  were  recorded  using 
System  1.  Spectra  of  monolayers  at  the  ainwater  interface  were  acquired  using 
System  2.  To  within  experimental  error,  the  calculated  ratios  are  unaffected  by 
the  bandwidth  difference  between  the  two  laser  systems. 

Figure  8.  Spectrum  of  equilibrated  DLPC  monolayer  showing  both  CH  and  OH  stretching 
regions.  This  spectrum  was  recorded  with  System  2  under  SSP  conditions. 
Intensity  above  3000  cm'1  is  due  to  vibrational  motion  of  the  aqueous  solvent 
molecules. 
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